O(α 3 α s ) Study on the yields and polarizations of J/ψ(Υ) within the framework of non-relativistic QCD via γγ → J/ψ(Υ) + γ + X at CEPC Within the framework of the non-relativistic QCD (NRQCD), we make a systematical study of the yields and polarizations of J/ψ and Υ via γγ → J/ψ(Υ) + γ + X in photon-photon collisions at the Circular Electron Positron Collider (CEPC), up to O(α 3 αs). We find that this process at CEPC is quite "clean", namely the direct photoproduction absolutely dominate over the singleand double-resolved processes, at least 2 orders of magnitude larger. It is found that the next-toleading order (NLO) QCD corrections will significantly reduce the results due to that the virtual corrections to 3 S 1 1 is large and negative. For J/ψ, as pt increases, the color octet (CO) processes will provide increasingly important contributions to the total NLO results. Moreover the inclusion of CO contributions will dramatically change the polarizations of J/ψ from toally transverse to longitudinal, which can be regarded as a distinct signal for the CO mechanism. However, for the case of Υ, the effects of the CO processes are negligible, both for yields and polarizations. For J/ψ, the dependence of the yields on the value of the renormalization scale µr is moderate, while significant for the polarization. The impact of the variation of µ λ is found to be relatively slight. As for the case of Υ, the uncertainties of µr and µ λ just bring about negligible effects. The future measurements on this semi-inclusive photoproductions of J/ψ(Υ) + γ + X, especially on the polarization parameters of J/ψ, will be a good laboratory for the study of heavy quarkonium production mechanism and helpful to clarify the problems of the J/ψ polarization puzzle.
I. INTRODUCTION
The non-relativistic QCD (NRQCD) factorization [1] is one of the most effective method to describe the heavy quarkonium processes, which provides a systematical way to separate the effects from the dynamics at different scales. That is, the production process can be factorized into a sum of products of short-distance coefficients (SDCs) and the long distance matrix elements (LDMEs). The SDCs are perturbatively calculable in a power series of α s and the LDMEs can be extracted by fitting the predictions with the experimental data. In many processes, especially the hadroproductions, NRQCD are quite successful, such as the NRQCD predictions filled the large gap between the leading order (LO) color singlet (CS) predictions and the measurements of J/ψ and ψ(2S) hadroproductions released by CDF group [2] [3] [4] . In addition, the measurements of χ c and η c hadroproductions can also be described well within NRQCD [5] [6] [7] [8] . Moreover, recent works on the J/ψ electroproductions in deeply inelastic ep scattering (DIS) at HERA reveal that the CS contributions are not impossible to saturate the measurements and the inclusion of the color octet (CO) partonic processes will make the agreement between theory and experiment much better [9, 10] . Although the NRQCD factorization has gained its reputation from the success in many processes, it is still facing several challenges. Such as the NRQCD results for * zhansun@cqu.edu.cn (corresponding author) † fuhb@cqu.edu.cn e + e − → J/ψ + X non−cc severely overshoot the experimental measurements [11] , which is recognized as one of the most serious challenges on the universality of the CO LDMEs. In addition, the long standing J/ψ polarization puzzle is another controversy for NRQCD. Different sets of LDMEs will result in totally different predicted polarization parameters [12] [13] [14] [15] [16] [17] [18] . That is to say, the theoretical predictions based on NRQCD , especially the polarization parameters, severely rely on the values of these LDMEs. Therefore, it is indispensable to further test the validity of NRQCD in various kinds of experiments.
The semi-inclusive photoproduction of J/ψ(Υ)+ γ + X at CEPC can be a good candidate for identifying the significance of the CO mechanism. On one hand, taking J/ψ for example, when the transverse momentum of J/ψ is not too large, the direct photoproduction γγ → J/ψ+γ+X is found to be dominant, at least two orders of magnitude bigger than the single-(γg → cc[
resolved contributions which are suppressed strongly by the suppression of the CO LDMEs and/or the gluon (quark) PDF of the photon 1 , as is demonstrated in Figure 1 . Note that, for the gluonfragmentation process→ cc[ 3 S
8 1 ] + γ, only at sufficiently large p t regions, the kinematic enhancements due to the scales p −4 t can compensate for the suppressions of CO LDMEs and PDFs, even be dominant over the direct case. However, the events therein are several orders of magnitude smaller than that at low and mid p t regions. In conclusion, the process γγ → J/ψ(Υ) + γ + X is very "clean". On the other hand, since the resolved processes can be safely neglected, we do not have to take the gluon saturation effects [22] into consideration. In addition, for γγ → J/ψ(Υ) + γ + X, up to O(α 3 α s ), only two CO processes are involved, namely 3 P partonic process is forbidden due to the conservation of C−parity or color. The one LDME short makes the extraction of the LDMEs easier than that at LHC. In view of these advantageous features, the photoproductions of J/ψ(Υ) + γ + X at CEPC are quite suitable for studying the production mechanism of the heavy quarkonium.
There have been several studies on J/ψ + γ + X in pp, ep and γγ collisions [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . In the present work, we will systematically study the semi-inclusive photoproduction of J/ψ + γ + X in photon-photon collisions at CEPC, for the first time investigating the polarisation parameters for γγ → J/ψ + γ + X, which is proved to be a distinct signal for testing the CO mechanism. As stated before, the NRQCD predictions always heavily suffer from the uncertainties of the LDMEs, thus for the production of J/ψ we will adopt two different sets of LDMEs on the market to present our predictions. Comparing with charmonium, bb mesons have their own ideal properties. Due to bb is much heavier than cc, both the typical coupling constant and relative velocity between the two heavy flavor constituent quarks are smaller than those of charmonium. Therefore, the perturbative results for bb may be more convergent over the expansion of α s and v 2 than charmonium. Moreover, the dependance on µ r is expected to be more moderate. Considering these advantages, along the same lines, for the first time we will make a complete study of the yields and polarizations of Υ via γγ → Υ + γ + X in photon-photon collisions to provide a sound estimate.
The remaining parts of the paper are organized as follows. In Sec.II, we describe the calculation technology and introduce the input parameters employed in our calculations. In Sec.III, we present the phenomenological results, including p t distributions and polarization parameter λ. The last section is reserved for a summary.
II. CALCULATION FORMALISM
Within the NRQCD framework, the differential cross section for the process e + e − → e + e − + H(QQ) + γ + X a circular electron positron collider, in our present paper, only WWA photon is considered.
can be factorized as
whereσ is the parton-level short-distance coefficients (SDCs) representing the production of a configuration of the QQ intermediate state with the quantum number n and O H (n) is the nonperturbative but universal LDMEs. f γ (x) is the photon density function and f i/γ (x i ) is the parton distribution function of the photon. Here x and x i,j represent the momentum fraction of the initial photon to the initial electron or positron and the hadronic contents (i, j), such as gluon and light quarks, to the initial photon, respectively. At CEPC, the initial photons are mainly generated by bremsstrahlung, for which the spectrum can be described by the WeizsackerWilliams approximation (WWA) [34] as:
with
where x =
Eγ
Ee denotes the ratio of the electron (positron) momentum taken by the interacting photon, α is the fine structure constant and m e represents the electron mass. θ is the angle between the flying direction of the initial photon and the direction of the electron (positron) beam. In our present work, the θ is taken as 32mrad as at LEPII.
As stated before, for γγ → J/ψ(Υ) + γ + X at CEPC, the contributions from single-and double-resolved photon processes are negligible, hence our QCD corrections only focus on the direct photoproduction. Up to O(α 3 α s ), for γγ → J/ψ(Υ) + γ + X, there are one virtual correction and two real correction processes, namely
There are 78 Feynman diagrams for the virtual correction, among which 48 for one-loop and 30 for counterterm. As for the two real processes, there are 24 diagrams for each channel. The dimensional renormalization with D = 4 − 2ǫ is adopted to isolate the ultraviolet (UV) and infrared (IR) singularities and the Coulomb singularities are absorbed into the redefined LDMEs. The on-massshell (OS) scheme is adopted to set the renormalization constants of the quark mass Z m and the field Z 2 as following:
where
and γ E reprensents the Euler's constant. The cross section for Eq.(6) also has IR singularity, which can be eliminated by calculating the NLO corrections to the LDMEs O[
] for example, the bare LDME can be written as
where N c = 3 for SUN(3) gauge theory and m c denotes the mass of c−quark. The µ λ −cutoff renormalization scheme is adopted to subtract the UV divergence. By substituting the relation between the bare and renormalized LDMEs,
into Eq. (9), we have
Thus the process γγ → cc[
The soft parts of dσ(γγ → cc[
2 Notice that, the partonic process γγ → cc[ where p 0 and p are the energy and 3-momentum of J/ψ. Eventually, the cross section of
0 ) , we can synthesise the three SDCs for n = 3 P [8] 0 , n = 3 P [8] 1 , and n = 3 P
by defining
In addition to the yields, we will make a discussion on the polarization of J/ψ(Υ) in the γ associated photoproductions. The polarization parameter λ within the helicity frame is defined as [35] :
) denote the spin density matrix elements.
In this paper, we adopt the F DC package [36] to complete all the calculations. As a cross check, the virtual correction are as well accomplished by means of a highly automatic mathematica-fortran package-M alt@F DC.
III. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters
During the calculations, we take M J/ψ = 2m c and M Υ = 2m b with m c = 1.5GeV and m b = 4.9GeV. The fine structure constant α = 1 137 . Since the LO partonic process is a pure QED process, for the NLO calculations the one-loop α s running is adopted with α s (M Z ) = 0.13. The default value of renormalization scale µ r is set to be µ 0 = m T = p 2 t + 4m 2 c,b and µ λ is taken as m c,b . The center-of-mass energy at CEPC is 240 GeV. We adopt two sets of LDMEs on the market for J/ψ production and one set for Υ 3 , the detailed values of which can be found in Table I , to present our numerical results. For convenience, hereinafter we name the LDMEs of [8, 18] and [17] set 1 and set 2 respectively. Notice that the initial bremsstrahlung photons may directly serve as the final state photon, in order to exclude these events, we adopt the criterion p γ t > p γ t,min with p γ t,min = 1, 2, 3 GeV, respectively. Furthermore, in our concerned semi-inclusive processes, together with J/ψ(Υ), the final state photons will be as well observed, therefore, for the experimental aspects, cuts on the transverse momentum of the final photon is indispensable. Considering the perturbative expansion may do not work well in the large rapidity region, thus we employ the rapidity cut on the emitted photon as |y γ | < 3.
B. Phenomenological results for J/ψ
In the first place, we demonstrate the relative significance of the direct, single-and double-photoproductions in Figure 1 , including both WWA and LBS. One can clearly see that, for the case of WWA, the contributions via the resolved processes are at least 2 orders of magnitude smaller than the direct one by reason of the mentioned before suppressions of the CO LDMEs and the PDF of the hadronic contents in the photon. As for the p t GeV dΣ dp t pb GeV p t GeV dΣ dp t pb GeV case of LBS, the contributions from direct photoproduction are minor while the resolved processes are dominant. At the circular e + e − collider CEPC, the initial photons are generated from bremsstrahlung described by the density function of WWA, thus the resolved processes can be safely neglected.
The p t distributions of J/ψ with different p γ t cuts are presented in Figure 2 . As is shown in this figure, the NLO QCD corrections significantly reduce the LO results, and this "significance" increases with the value of p t . Different p γ t,min just slightly impact on the p t distributions of J/ψ. Therefore, without loss of generality, we will only focus our following analysis on this condition p γ t > 1 GeV. In order to investigate the relative importance of the contributions of these partonic processes listed in Eqs. (4-6), we present the K−factors in Figure 3 . One can find that the virtual QCD corrections to γγ → J/ψ + γ is negative, even bigger than the LO cross section when p t is relatively high, such as 13.5 GeV. As for the CO processes, the ratio of contributions to the total NLO results are continuous increasing with the value of p t . In other words, as the transverse momentum of J/ψ increases, the significant reduction via the virtual corrections will make the effects of the CO processes more and more remarkable. To be specific, in the left figure, the contribution of 3 P Figure 4 , we present the ratio of the SDCs corresponding to different partonic processes listed in (4- Μr Μ0 dΣ dp t pb GeV 
So large SDCs are sufficiently able to compensate for the CO LDMEs suppressions. Notice that the LO process γγ → J/ψ + γ is a pure QED process, thus the NLO QCD results may suffer heavily from the uncertainty of the renormalization scale µ r , just like the case of e + e − → γ * γ * → J/ψ+J/ψ where the NLO QCD corrections change significantly with the variation of µ r [39] . In Figure 5 , one can find that the band reflecting the impact of the uncertainty of µ r is narrow, indicating a moderate dependence of the yields on the renormalization scale. To be specific,
Taking p t = 10 GeV for example, the dependences of the differential cross sections corresponding to different partonic processes on µ r are presented in Figure 6 . Since the virtual correction to 3 S 1 1 is negative, the differential cross section based on color singlet mechanism will increase with the value of µ r , which is responsible for the eventual monotonic increase behavior of the NRQCD results.
Reviewing the well known polarization puzzle of J/ψ, the predicted polarization via NLO NRQCD is slightly transverse polarized, which is far different from the results of CS (totally transverse for LO and longitudinal for NLO). Namely, the inclusion of CO partonic processes may dramatically change the polarizations. Considering the CO contributions in our concerned process is increasingly important with the value of p t , thus it is interesting and natural to investigate the polarization of γγ → J/ψ + γ + X. In Fiure 7, we present the predicted polarization based on CS and NRQCD, respectively. One can see that, the polarization via CS is totally transverse, in contrary to the one based on NRQCD which varies from transverse to longitudinal. Such significant difference can be employed to serve as an ideal laboratory to further identify the significance of the color octet mechanism. The distinct differences between the two predicted polarizations can be attributed to the following aspects: 1) the color octet contributions are significant, especially at mid p t regions; 2) in Eq. 12, the 3 S 1 1 content involved in the soft part of the cross section of 3 P
8
J provides a large negative transverse contribution and a relatively tiny negative longitudinal one; 3) the polarization of the "hard" part of 3 P 8 J in Eq. 12 is slightly longitudinal; 4) the polarization of 1 S 8 0 is unpolarized. In view of these points, the inclusion of CO contributions will thoroughly change the configuration of the polarization, from transverse ( 3 S 1 1 ) to longitudinal (NRQCD). Notice that, unlike the case of yields, the variation of µ r can have a significant effect on the polarization of J/ψ.
In addition to µ r , the effects from the uncertainties p t GeV dΣ dp t pb GeV of µ λ are as well investigated, which are found to be more moderate, as is shown in Figure 8 (Set 1). For the LDMEs of Set 2 based on " 1 S 8 0 dominance ", the dominant 1 S 8 0 partonic process is independent of µ λ , thus the variation of µ λ just cause slight effects.
In Table II , we present the integrated cross section with two renormalization scales, imposing two cuts on the transverse momentum of J/ψ and the emitted photon, namely p J/ψ,γ t > 1 GeV. Meanwhile the rapidity of the final photon is limited as |y γ | < 3. One can find that, for the integrated cross section, the CS contribution is dominant over the CO ones, which are minor at low p t regions. The variations of µ r from µ 0 to 2µ 0 just change the cross section by about 26% for Set 1 and 21% for Set 2, indicating a moderate dependence on the renormalization scale. Figure 10 . From the right one, we find that, unlike the case of J/ψ, the CO SDCs are just the same order of the color singlet one, hence the significant suppression from the CO LDMEs will make the color octet contributions almost negligible, as is shown in the left figure. Comparing with the K-factor of J/ψ in Figure 3 , as expected, the convergence of the perturbative calculations for Υ is indeed much better than that of J/ψ. As for the polarization parameter, the predicted NLO results are totally dominated by the color singlet contributions, as is shown in the figure on the right hand side of Figure 11 . Meanwhile, from the left figure, the dependence on the renormalization scale µ r is found to be quite moderate through the narrow bands arisen from the variation of µ r from µ 0 to 2µ 0 . In addition, we find that the uncertain of µ λ just bring about an insignificant effect.
IV. SUMMARY
In this paper, based on the factorization of the nonrelativistic QCD, we systematically investigate the semiinclusive photoproduction of J/ψ and Υ via γγ → J/ψ(Υ) + γ + X at CEPC up to O(α 3 α s ), including both yields and polarizations. For the color octet contributions, two different sets of LDMEs are employed to provide the NRQCD predictions for J/ψ and one set for Υ. We find that the NLO corrections will significantly reduce the LO results which can be attributed to that the virtual corrections to 3 S 1 1 is large and negative. For J/ψ production, the color octet contributions are increasingly significant with the values of p t , by which the polarizations of J/ψ can be changed dramatically from toally transverse to longitudinal. This difference can be regarded as a distinct signal for identifying the significance of the CO mechanism. While, for the case of Υ, the effects of the color octet processes is negligible, both for yields and polarizations. The future measurements on this semi-inclusive photoproduction of J/ψ(Υ) + γ + X in photon-photon collisions, especially on the polarization parameters of J/ψ, will be a ideal laboratory for the study of heavy quarkonium production mechanism and helpful to clarify the problems of the J/ψ polarization puzzle.
